Pre-steady-state and steady-state kinetics of nucleotide incorporation and excision were used to assess potential mechanisms by which the fidelity of herpes simplex virus type 1 DNA polymerase catalytic subunit (Pol) is enhanced by its processivity factor, UL42. UL42 had no effect on the pre-steady-state rate constant for correct nucleotide incorporation (150 s -1 ) nor on the primary rate-limiting conformational step. However, the equilibrium dissociation constant for enzyme in stable complex with primer/template was 44 nM for Pol and 7.0 nM for Pol/UL42.
INTRODUCTION
The HSV-1 1 DNA polymerase holoenzyme is a stable heterodimer composed of a large, 6 to 37 o C and reactions were initiated by the addition of an equal volume of the same buffer to yield the following final concentrations: 6 mM MgCl 2 , 500 µg/ml activated calf thymus DNA as trapping agent, and dNTP as indicated for each experiment. Except as specifically indicated in
Results, the P/T used was that shown in Fig. 1A and the dNTP added was dTTP. Reactions were stopped at various times by the addition of a large volume of 0.3 M EDTA, pH 8.0.
Products were separated by electrophoresis through gels containing 12% polyacrylamide, 7 M urea, and the gels were exposed to X-ray film or phosphor screens. The amounts of 45-, 46-, and 47-mer in each sample were quantified using a Molecular Dynamics Phosphorimager and
ImageQuant software (Sunnyvale, CA) and normalized to total radioactivity in the sample to minimize errors due to loading (27) .
Active site titration. Initial concentrations of purified preparations of Pol and Pol/UL42
were determined by absorbance measurements and confirmed by comparison of separated protein on Coomassie-stained SDS-polyacrylamide gels using BSA as a standard. Pol, corresponding to a protein concentration of 46 nM, or Pol/UL42, corresponding to a protein concentration of 43 nM, was incubated with increasing concentrations of the P/T shown in 
The burst amplitudes were then plotted vs. P/T concentration and the data were fit to the quadratic equation to give the active enzyme concentration and the equilibrium dissociation constant (K d ) for formation of productive enzyme/DNA complex (27, 29) : Rate of extension during processive DNA synthesis. Reactions were conducted under pre-steady-state conditions in which 25 nM enzyme was pre-incubated with 50 nM end-labeled P/T (Fig. 1A ). Reactions were initiated with buffer to achieve final concentrations of 6 mM MgCl 2 , 50 µM each of dATP, dCTP, dGTP, and dTTP, and 500 µg/ml activated calf thymus DNA. Reactions were incubated at 37 o C and quenched with 0.3 M EDTA from 5-500 msec later. Extension products were resolved through denaturing polyacrylamide gels and the largest extension product and products greater than 45 in length were quantified by phosphorimage analysis and normalized as a function of total radioactivity in the lane. In control reactions, EDTA was added at the time of initiation.
Elemental effect. Pre-steady-state reactions were conducted by pre-incubating 50 nM active enzyme concentrations with excess P/T indicated in Fig. 1B . Reactions with Pol contained 250 nM P/T while those with Pol/UL42 contained 100 nM P/T. Reactions were initiated by the addition of 50 µM dATP or 50 µM dATP-α-S (Amersham Pharmacia Biotech, Inc.), 6 mM MgCl 2 , and activated calf thymus DNA trap (500 µg/ml), and the reactions were stopped with EDTA from 5-300 msec later. Concentrations of materials used for initiating reactions refer to final concentrations after mixing. The production of extended primer was plotted as a function of time and the data were fit to the burst equation (equation 1) to determine the amplitude and rate constant of the burst phase. Product formation as a function of time was plotted and the data were fit to a straight line. The steady-state catalytic rate constant (k cat ) was obtained by dividing the slope of the line by the concentration of enzyme present in the reaction mix.
Determination of k off . An excess amount of labeled P/T (Fig. 1A) was incubated with
Pol in the presence of 1 mM EDTA and reactions were initiated with buffer to achieve final concentrations of 5 nM enzyme, 50 nM P/T, 50 mM Tris-Cl, pH 7.5, 1 mM DTT, 400 µg/ml BSA, 50 mM KCl, 6 mM MgCl 2 , and 250 µM dTTP. Activated calf thymus DNA (500 µg/ml) or buffer alone was added at intervals from 7 to 80 sec later and reactions were stopped with 0.3 M EDTA 90 sec after initiation. The amount of extended product formed was plotted as a function of time of addition of trapping agent and the data were fit to a single exponential function (equation 1), except that k is the dissociation rate constant and t is the time of addition of DNA trap.
Pre-steady-state kinetics of excision. Reactions were conducted with the rapid quench apparatus as described for incorporation experiments except that dNTP was not added. Excess
Pol or Pol/UL42 (100 nM) was pre-incubated with 20 nM of either 5'-end-labeled matched or mismatched P/T (Fig. 1A and 1C, 
where a is the amplitude of the first exponential and b is the rate constant of the rapid phase and c is the amplitude of the second exponential and d is the rate constant of the slower phase.
RESULTS
Effect of UL42 on extension products in single-turnover reactions. Insect cells infected with HSV-1 UL42-and/or Pol-expressing recombinant baculoviruses were the source material for purification of the catalytic subunit and holoenzyme to near homogeneity as detailed previously (22) . To begin to understand the possible effects of the processivity factor on the catalytic properties of Pol, we measured the incorporation of correct dNTP in single-turnover experiments using a defined model P/T. This P/T consisted of a 45-mer primer strand annealed to a 67-mer template strand (Fig. 1A) . The size of the P/T was designed to fully accommodate the amount of DNA bound by the holoenzyme based on DNA footprint analysis (32) . We have demonstrated by electrophoretic mobility shift analysis that Pol/UL42 binds to the P/T at a 1:1 stoichiometry (22) . Pol also binds to the P/T at a 1:1 stoichiometry except at extremely high ratios of protein to DNA, where it can also bind to the lower affinity double-stranded end (22, 33) .
Pre-steady-state reactions were performed using a fixed enzyme concentration and varying amounts of the P/T indicated in Fig. 1A in which the primer was labeled at the 5' end.
The enzyme and P/T were pre-incubated in the presence of EDTA to prevent premature initiation and degradation of the primer by the potent 3' to 5' exo activity. Reactions were initiated with MgCl 2 and the next correct nucleotide, dTTP, and stopped with excess EDTA at various periods of time using a rapid quench apparatus. Control experiments (not shown) demonstrated that the addition of activated calf thymus DNA to a final concentration of 500 µg/ml at the time of initiation effectively prevented cycling of the enzyme to additional labeled P/T. Moreover, the trap had no effect on the rate of incorporation at saturating dNTP concentrations in the time interval associated with the rapid burst. The accumulation of extended primers was monitored 12 using a denaturing gel assay to separate products on the basis of size. Figure 2 illustrates the products formed by Pol and Pol/UL42 (A and B, respectively) with 2-fold excess P/T following increasing times of incubation at 37 o C. The respective enzymes were incubated in the low-(50 mM KCl) and high-(125 mM KCl) ionic strength buffer conditions determined to be optimum for the activity of each enzyme (22) . Both Pol and Pol/UL42 extended the primer by one nucleotide in the presence of dTTP to form a 46-mer within 10-20 msec. However Pol, but not Pol/UL42, also accumulated a 47-mer product with somewhat delayed kinetics. Based on the sequence of the P/T (Fig. 1A) , the 47-mer product would correspond to a misincorporation of a T residue opposite a G. The formation of the 47-mer product is not due to a low level of contamination of the dTTP with dCTP, since incorporation of dCTP was shown to lead instead to the rapid appearance of a 48-mer (results not shown). The absence of 47-mer in reactions containing Pol/UL42 suggested that the processivity factor contributed to the overall fidelity with which the HSV-1 Pol incorporated dNTP. To better assess the means by which UL42 increased the fidelity of nucleotide incorporation, we examined the effect of UL42 on the individual kinetic parameters governing Pol incorporation and excision.
Active site titration. In order to determine the pre-steady-state parameters for correct nucleotide incorporation, it was first necessary to determine the concentration of molecules in the purified enzyme preparations capable of extending the primer strand. A fixed concentration of Pol or Pol/UL42 (46 and 43 nM, respectively, based on protein determination) was incubated in single-turnover reactions at P/T concentrations ranging from 12.5-100 nM, and the formation of extended products was monitored over time. Products were separated from unextended primer by denaturing gel electrophoresis and both were quantified by phosphorimage analysis. Because
Pol extended a portion of the primer by two nucleotides, we summed the amount of 46-mer and Pre-steady-state kinetics of correct dNTP incorporation. We determined the dependence of polymerization on the concentration of the next correct dNTP using a two-fold excess of model P/T (100 nM) to active enzyme (50 nM). To ensure single-turnover kinetics, enzyme and P/T were pre-incubated in the presence of EDTA, and reactions were initiated by the addition of increasing concentrations of dTTP (0.1-30 µM), MgCl 2 , and activated calf thymus DNA to trap unbound enzyme or that which dissociated from the P/T. Reactions were terminated with 0.3 M EDTA at intervals ranging from 5-500 msec using a rapid quench apparatus and the extension products were separated and quantified. The results are shown in Pre-steady-state kinetics of incorrect dNTP incorporation. As indicated in Fig. 2A and B, Pol, but not Pol/UL42, permitted accumulation of a 47-mer, apparently due to misincorporation. In order to more accurately quantify the ability of each enzyme to incorporate incorrectly base-paired nucleotides, we performed pre-steady-state kinetic analysis in singleturnover reactions essentially as described above. The P/T (100 nM) indicated in Fig. 1A , in which A is the templating residue, was pre-incubated with 50 nM Pol or Pol/UL42, and reactions were initiated with 1 mM (final concentration) incorrect nucleotide (dATP, dCTP, or dGTP), MgCl 2 , and activated calf-thymus DNA trap. Figure 4A and B shows the reaction products formed by Pol and Pol/UL42, respectively, at increasing times after initiation with 1 mM dATP. (Fig. 3) . Interestingly, the maximum rate for misincorporation of dATP (k mis ) by Pol was 106 + 9 sec -1 , only slightly less than the maximum rate for correct incorporation; however, the maximum rate for misincorporation of dATP by Pol/UL42 (37 + 4 sec -1 ) was approximately one-third that observed for Pol. Nevertheless the maximum rate of misincorporation of dATP by Pol/UL42 was only four times slower than the maximum rate of incorporation of correct dNTP. Thus, nucleotide discrimination occurs predominantly at the level of nucleotide affinity for both enzymes. If the selectivity index for incorporation of correct over incorrect dNTP is calculated as follows (34):
then the selectivity of Pol/UL42 is 296 while that of Pol is 265. Thus, both Pol and Pol/UL42
clearly distinguish correct from incorrect dNTP under pre-steady-state conditions, but UL42 does not significantly enhance the overall ability of the catalytic subunit to discriminate correct (dTTP) from incorrect (dATP) nucleotide during a single cycle of polymerization.
Kinetics of incorporation during processive synthesis. In order for multiple incorporations to occur during processive DNA synthesis, the polymerase must translocate on the P/T to the adjacent residue on the template without dissociating. If this rate were slower than the rate of extension of the primer by one nucleotide (approximately 150/sec), then the rate by which all subsequent nucleotides are incorporated would be substantially slower than the k p. We therefore tracked the extension of primer in the presence of near saturating amounts (50 µM) of all four dNTPs as a function of time. Multiple turnovers of enzyme with P/T were prevented by the addition of excess activated calf thymus DNA trap at the time of initiation with MgCl 2 .
Although the maximum number of nucleotides incorporated at each time was the same for Pol and Pol/UL42, the distribution of extension products was somewhat altered by UL42 in favor of larger products (compare Fig. 5B with 5A) . By 100 msec, 0.6% and 4.3% of the extension products were full length with Pol and Pol/UL42, respectively. By 200 msec, 18% of the extension products were full-length for both enzymes. These results demonstrate a maximum extension rate, ranging from 110-220 nucleotides per sec during processive synthesis, which is not limited by the rate of translocation of the polymerase. However, the efficiency of translocation among those P/T molecules engaged by Pol may be greater in the presence of UL42, consistent with the role of UL42 as a processivity factor. nonenzymatic interactions (the thio effect) has been estimated to be from 4-100 times slower than with the α-phosphate of dNTP (27, (35) (36) (37) . It has been argued that a smaller effect of thiosubstitution on rate indicates that a step other than, or in addition to, chemistry is rate-limiting (27, (36) (37) (38) (39) (40) . We compared the pre-steady-state kinetics of incorporation of dATP-α-S with that of dATP (correct nucleotide) for Pol and Pol/UL42 into a P/T containing a T residue on the template opposite the 46 th position on the primer (Fig. 1B) . Experiments shown in Fig. 6 contained a fixed concentration (50 nM) of Pol or Pol/UL42 pre-incubated with excess P/T (100 nM for Pol/UL42 and 250 nM for Pol). A higher ratio of P/T to enzyme was used for Pol reactions because of the lower affinity of Pol, compared to Pol/UL42, for P/T ( Fig. 2E and F ).
Reactions were initiated with 6 mM MgCl 2 , 50 µM dATP or dATP-α-S (correctly matched dNTP), and 500 µg/ml activated calf thymus DNA trap (final concentrations) and the pre-steadystate burst rate of polymerization was determined by fitting the data to equation 1. For Pol, the burst rate constant for dATP incorporation was 201 + 28 sec -1 while that for dATP-α-S was 62 + 6 sec -1 , a 3.2-fold effect (Fig. 6A) . Because there was little or no effect of the thio-substituted analog on the amplitude of the Pol reaction under these high nucleotide concentrations, there was a similar probability for the formation of a stable ternary complex of either nucleotide with enzyme and P/T prior to enzyme dissociation (see discussion of Fig. 3 above) . For Pol/UL42 complex, the burst rate constant for dATP was 261 + 26 sec -1 and for dATP-α-S, it was 185 + 2 sec -1 , a 1.4-fold effect (Fig. 6B) . The somewhat reduced amplitude of the Pol/UL42 reaction with the thio derivative is due to enzyme dissociation prior to catalysis, which is consistent with a lower affinity of thio-substituted dATP, compared to oxy-dATP, for Pol/UL42 bound to P/T.
Thus, for both Pol and Pol/UL42, the thio effect is small and of a similar magnitude to that reported for incorporation of correct nucleotide by other polymerases, where a rate-limiting by guest on January 8, 2018
http://www.jbc.org/ Downloaded from 19 conformational step has been proposed (27, 36, (38) (39) (40) (41) . Nevertheless, the thio effect for nonenzymatic intermolecular reactions of phosphate diesters, where there is no evidence for a conformational step, was determined to range from 4-11, arguing that even small thio effects occur when chemistry is rate-limiting (37). Although there is no consensus for the absolute amount of elemental effect which can completely rule out a rate-limiting chemistry step, an elemental effect of less than 4 is indeed small, and suggests that the primary limitation to rate occurs prior to chemical catalysis; however some contribution of chemistry to the rate-limiting step cannot be ruled out (27, 37) . It is likely that the slow step prior to catalysis reflects the rate at which a conformational change occurs in the ternary complex of enzyme bound to both P/T and dNTP (27, 38, 39) Steady-state kinetics of incorporation. In order to determine whether UL42 alters the steady-state kinetics for primer extension during multiple turnovers of enzyme with P/T, we employed excess P/T shown in Fig. 1A (500 nM) to enzyme (5 nM) and initiated reactions by the addition of dTTP, and MgCl 2 , but without trap DNA. Reactions were terminated at intervals from 10-350 sec by the addition of EDTA. Figure 7A shows the accumulation of extended primers as a function of time for Pol and Pol/UL42. The steady-state rate constant (k cat ) was calculated as the ratio of the slope of the line derived by linear regression analysis to enzyme concentration and was found to be 0.090 + 0.002 sec -1 for Pol and 0.032 + 0.002 sec -1 for Pol/UL42. Because the steady-state rate reflects the rate of the slowest step in the reaction, and it is substantially slower than the k p , the k cat most likely reflects the dissociation of enzyme from the P/T.
To test this hypothesis directly, reactions containing 5 nM Pol and 50 nM labeled P/T were initiated by the addition of MgCl 2 and a saturating concentration of dTTP (250 µM).
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Activated calf thymus DNA trap (500 µg/ml) or buffer alone was added at various times after initiation to trap Pol which dissociated from the P/T. All reactions were terminated 90 sec after initiation. The addition of buffer alone had little or no effect on the amount of product formed at Pre-steady-state exo activity. The above results demonstrate that UL42 does not influence fidelity by altering the kinetics of incorporation of correct dNTP by Pol under presteady-state conditions, and UL42 has little or no effect on the inherent ability of Pol to discriminate correct from incorrect dNTP for polymerization. However, it was possible that UL42 influenced the proof-reading 3' to 5' exo activity. Crystallographic studies of other DNA polymerases in association with P/T have revealed that the polymerization and exo sites form physically distinct domains and that the exo site interacts with the primer as a single-stranded entity (reviewed in ref. 42 ). We first examined whether UL42 altered the rate by which Pol degraded fully matched P/T (Fig. 1A) or P/T containing a single C:T mismatch at the 3' terminus of the primer strand (Fig. 1C) . We pre-incubated 20 nM of the respective P/Ts with 100 nM Pol or Pol/UL42 as described above for nucleotide incorporation. However, reactions were initiated by the addition of MgCl 2 and calf thymus DNA trap, but no dNTPs were included in order to prevent polymerization. Reactions were performed at 37 o C and were stopped at intervals by the addition of EDTA. The amount of 45-mer remaining was plotted as a function of time and the data were fit to a double exponential function (equation 5) to determine the rate constant for the initial rapid phase and the proportion of P/T which was cleaved at that rate (30, 31) . Pol cleaved 88% of the mismatched P/T with a rate constant of 16.7 + 3.4 sec -1 , while Pol/UL42 cleaved 73%
of the mismatched P/T with a rate constant of 15.7 + 3.7 sec -1 (Fig. 8B) . Thus, when incubated to equilibrium with mismatched P/T, both Pol and Pol/UL42 efficiently recognized and cleaved the 3' terminal mismatched nucleotide at rate constants which were indistinguishable. By contrast, matched P/T was less efficiently recognized and cleaved by both enzymes (Fig. 8A) compared to mismatched P/T (Fig. 8B) . Pol cleaved only 29% of the matched P/T at a rate constant of 5.9 + 2.2 sec -1 , while the Pol/UL42 complex cleaved 19% of the matched P/T with a rate constant of 2.2 + 1.6 sec -1 .
DISCUSSION
Effect of UL42 on pre-steady-state kinetic parameters governing nucleotide incorporation by Pol. Factors which increase the processivity of their cognate DNA polymerases could do so by decreasing the dissociation rate from DNA, increasing the catalytic rate, and/or increasing the affinity or selectivity for correct nucleotide. Although UL42 increases the affinity of Pol for model P/T 6-fold as demonstrated by pre-steady-state single-turnover reactions (Fig. 2) , it does not alter the pre-steady-state catalytic rate constant (150 sec -1 ) at saturating correct nucleotide (dTTP) concentrations (Fig. 3 ). E. coli thioredoxin, which forms a stable complex with T7 DNA polymerase catalytic subunit and increases its affinity for DNA, also fails to change the rate constant for polymerization (27, 43) . We also found that the UL42 processivity factor does not significantly alter the ground-state binding of correct nucleotide ( Fig.   3E and F) . However, our results suggest that binding of correct nucleotide to a pre-formed enzyme/DNA complex is most likely a two-step process, regardless of the presence of UL42, with a conformational change occurring following initial binding which would serve to increase the stability of enzyme/DNA complexes prior to catalysis. A similar nucleotide stabilizing effect has been observed with HIV reverse transcriptase and pol δ (34,40).
UL42 does not significantly alter the affinity of correct dNTP for enzyme/DNA complex (Fig. 3) . UL42 also does not alter the overall ability of Pol to discriminate between correct and incorrect nucleotide during polymerization, although the maximum rate of misincorporation of dATP by Pol is three times slower in the presence, compared to the absence, of UL42 ( Fig. 4E   and F) . Surprisingly, the rate constant for incorporation of incorrect nucleotide (dATP) by Pol at saturating nucleotide concentration was only slightly (33%) slower than the rate constant for correct incorporation. Because misincorporation was associated with a burst under pre-steady- 6 ), although a partial effect of chemistry on the rate-limiting step cannot be excluded.
The k p for dNTP incorporation observed in single-turnover conditions approximates that for multiple additions of nucleotides in a single binding of enzyme to P/T. The latter confirmed an elongation rate of 110-220 nucleotides/sec for the most rapidly extended molecules when all 4 dNTPs were added and DNA trap was present to prevent rebinding of dissociated enzyme to labeled P/T. The results further demonstrate that the rate of translocation of the polymerase along DNA is more rapid than the rate of nucleotide incorporation. In experiments similar to those we report in Figure 5 , Weisshart and co-workers (33) estimated an elongation rate of 26-33 nucleotides/sec. The lower estimate most likely reflects the wide distribution of product sizes (Fig. 5) which would lead to an underestimation of elongation rate if calculated from the average length of extension in a given time period. Indeed, in our experiments only 29% and 25% of the extension products were full-length after 500 msec when incubated with Pol or Pol/UL42, respectively. This would correspond to an average elongation rate of 44 nt/sec for those molecules, similar to the extension rates that were estimated by Weisshart and co-workers over a similar time interval (33) . Because processivity is defined as k p /k off , our results demonstrate a processivity, under their respective optimum salt concentrations, of 1670 per turnover for Pol and 5000 per turnover for Pol/UL42, the latter of which is consistent with the processivities reported for other replicative DNA polymerases (43, 45, 46) . The 3-fold increase in processivity of Pol when complexed to UL42 may not be significant enough to fully explain why UL42 is absolutely essential for HSV-1 DNA synthesis in infected cells (12, 13) . UL42 has been shown to interact with the origin-binding protein, another essential DNA replication protein (10, 11, 47) , and may be required for the formation of a functional replisome in vivo. Indeed, immunofluorescence analysis has revealed defects in the formation of replication compartments at the nonpermissive temperature in cells infected with an HSV-1 UL42 temperature-sensitive mutant (48).
UL42 does not alter the pre-steady-state 3' to 5' exo activity of Pol. When Pol, with or without UL42, was bound to mismatched P/T prior to initiation of reactions, the 3' mismatched nucleotide was rapidly excised from the bulk of bound P/T. Although we observed no significant difference in the rate constants for cleavage of the mismatched nucleotide in the rapid phase, Pol/UL42 complexes cleaved a slightly smaller proportion of the bound P/T than did Pol. Likewise, Pol/UL42 cleaved a smaller proportion of matched P/T compared to Pol; however the rates of cleavage of a matched 3' primer terminus by Pol, with or without UL42, in this rapid phase were approximately 3 times slower than rates of cleavage of mismatched primer termini (Fig. 8) . The biphasic excision curves also revealed a subsequent slow rate of cleavage of matched P/T by Pol and Pol/UL42, despite the presence of competitor DNA in the reactions.
This rate was slower for Pol/UL42 than for Pol, and may result from slower switching of the P/T from the polymerase to the exo site (30, 49) . Thus, the cost of the exo activity is low, with pre-steady-state conditions. This level of nucleotide selectivity by Pol and Pol/UL42 was lower than reported for several other replicative polymerases, including the HIV reverse transcriptase, which lacks 3' to 5' proofreading exo activity (29, 34, 50 
